The investigation was concerned with the effects of water stress on the yield and yield components of wheat grown under rainfed conditions in Rawalakot, Pakistan. A pot experiment was conducted with four wheat genotypes, and Kohsar-95, tested against five irrigation levels with drought imposed at different growth stages including control, terminal drought, post-anthesis drought, three irrigations and pre-anthesis drought. The parameters studied were flag leaf area, ear stalk length, number of grains per spike and grain yield per pot. Flag leaf area and ear stalk length exhibited a significant reduction of 14 and 36%, respectively, when wheat was subjected to water stress. The proportional reduction in yield was 40% with three irrigations and 98% in the case of pre-anthesis drought depending upon the extent and degree of stress. Results showed that wheat could withstand and tolerate drought only up to anthesis, after which water stress resulted in the complete failure of the crop. It could be deduced that the critical stage for moisture in wheat started 60 days after germination, and became more severe at 90 days, i.e. at the anthesis stage. Among the genotypes, Inqlab-91 was found to be more tolerant of drought and could thus be a good option for further testing and recommendation for rainfed areas.
Introduction
Drought is a serious problem that affects many regions of the world, decreasing the photosynthetic rate of crops and limiting productivity worldwide. It occurs when various combinations of the physical factors of the environment produce an internal water stress in crop plants sufficient to reduce their productivity (Larson, 1992) . This reduction in productivity is brought about by a delay or prevention of crop establishment, weakening or destruction of established crops, predisposition of crops to insects and diseases, alteration of physiological and biochemical metabolism in plants, and alteration of the quality of the grain, forage, fibre, oil and other sought-for products (Larson and Eastin, 1971) . Growth and photosynthesis are two of the most important processes disturbed, partially or completely, by water stress (Kramer and Boyer, 1995) , and changes in both are a major cause of decreased crop yield. The worldwide losses in crop yield from water stress exceed the losses from all other losses combined (Kramer, 1980) . Even a temporary drought can cause a substantial loss in crop yields, which can sometimes amount to many millions of dollars (Moseley, 1983) . Therefore, water availability is an essential factor influencing agriculture. Water is generally considered as one of the limiting factors which affects the physiological and biochemical processes affecting crop productivity (Boyer, 1982) .
Reduced plant productivity due to drought is a major concern for wheat grown in arid and semiarid areas. In these areas, most wheat is grown under rainfed conditions where drought may occur at any time. About 37 % of the world's wheat is grown in semiarid areas where moisture is the most serious production constraint (Osmanzai et al., 1985) . Rainfed areas play an important role in crop production in Pakistan. According to Ahmed et al. (1996) nearly one-fifth of the total wheat acreage in Pakistan is rainfed and contributes about 10-12% of the total wheat production in the country. The yield per hectare of rainfed wheat is discouragingly low, being 1130 kg ha -1 , about half that of irrigated wheat (Chaudhry et al., 2000) . Among the different factors, drought (moisture stress) has emerged as a serious threat to productivity over the last 5-6 years when no rainfall has occurred during most of the year, especially during winter.
The best option for crop production, yield improvement and yield stability under soil moisture deficient conditions is to develop drought-tolerant crop varieties. A physiological approach would be the most attractive way to develop new varieties rapidly (Turner and Nicolas, 1987) , but breeding for specific, suboptimal environments involves a deeper understanding of the yielddetermining process (Blum, 1983) . This is where knowledge of crop responses to water deficits may be best put to use. It has been claimed that breeding for drought tolerance can best be accomplished by selecting for grain yield under field conditions (Ashraf et al., 1996) . Varietal differences in drought have been reported in wheat (Schonfeld et al., 1988) , which could be exploited in appropriate breeding programmes. The screening of existing varieties for various physiological and yield parameters could be used to improve and select more tolerant varieties under specific conditions. Genotype-environment interactions are of major importance in developing and identifying a cultivar performing well in diverse environments. The ranking and classification of cultivars according to their adaptability can be achieved through stability analysis, where high mean performance is the characteristic aimed at (Zubair et al., 2002) . The release of genotypes with constant performance over a range of environments could lead to stability in production (Imdad et al., 1997) . The aim of the present work was to study the effect of drought stress on the yield characteristics of wheat and to investigate droughttolerant varieties to determine the most sensitive developmental stage of wheat plants to water stress.
Materials and methods
An experiment was conducted in the greenhouse, University College of Agriculture, Rawalakot, Azad Jammu and Kashmir (Pakistan) during 2000-2001, using plastic pots each measuring 450 cm 2 (22.5 cm × 20.0 cm) and 22 cm in depth. Each pot was filled with 10 kg soil collected from 0-15 cm depth. The surface soil was silty loam in texture, with pH 7.8, organic matter 0.90% and available P 2.5 mg kg -1 . After filling, the pots were levelled to ensure an even distribution of water. At field capacity level, a basal dose of nitrogen (90 kg N ha -1 ) and phosphorus (60 kg P 2 O 5 ha -1 ) in the form of urea and SSP, respectively, were incorporated well into the soil. Four locally recommended winter wheat genotypes, namely Inqlab-91, Chakwal-97, Rawal-87 and Kohsar-95, were chosen for the study on the basis of their drought resistance. The following stress treatments were imposed to simulate the type of drought generally encountered in the region:
T 0 Control; four irrigations as recommended for wheat at tillering (30 days after sowing, DAS), initiation of heading (60 DAS), anthesis (90 DAS) and grain filling (120 DAS).
T 1 Terminal drought; only one irrigation at tillering (30 DAS) T 2 Post-anthesis drought; two irrigations, one at tillering (30 DAS) and the second at the initiation of heading (60 DAS) T 3 Three irrigations; at the initiation of heading (60 DAS), anthesis (90 DAS) and grain filling (120 DAS)
T 4 Pre-anthesis drought; two irrigations, at anthesis (90 DAS) and grain filling (120 DAS). There were four genotypes, five irrigation levels and three replications, giving a total of 60 pots. The seeds of the four genotypes were obtained from the Crop Science Section, National Agriculture Research Center (NARC), Islamabad, Pakistan. Ten healthy seeds of each genotype were sown on October 25, 2000. After germination, thinning was done at the four-leaf stage and only four healthy plants were selected and maintained in each pot. Data were recorded for flag leaf area, ear stalk length, number of grains per spike and grain weight per pot according to standardized methods.
The data and means from each treatment were used for statistical analysis. Independent ANOVA was carried out for each parameter and least significant differences (LSD) were calculated at the 5% level of probability (Steel and Torrie, 1980) . Traits showing significant genotype × irrigation stress interactions were subjected to stability analysis as proposed by Eberhart and Russell (1966) . This model provides a means of partitioning the genotype × environment interaction of each genotype into two parts: (i) the variation due to the response of the variety to varying environmental index (sums of squares due to regression); and (ii) the unexplainable deviations from the regression on the environmental index.
Results and discussion
Wheat plants subjected to terminal drought (T 1 ) and post-anthesis drought (T 2 ) were severely damaged, could not recover and died in the 2 nd week of March, so the present paper included the data of three water stress levels, i.e. the control (T 0 ), three irrigations (T 3 ) and pre-anthesis drought (T 4 ). In the present study, the critical stage of water for wheat was the later stages of plant development, i.e. the terminal and post-anthesis stages. Therefore, the absence or shortage of moisture during these stages in the T 1 and T 2 treatments under limited growth conditions (pots) did not allow the plants to continue their growth towards the productive (yield) stage. Moreover, continuous drought and the shortage of water changed the behaviour and characteristics of the soil, making it very hard and compact. Generally, Rawalakot soils are silt dominant, showing hard plasticity characteristics on drying. In an experiment on drought stress in wheat, Dhanda and Sethi (2002) reported that plant wilting commenced at 10-13% moisture level in the upper 15 cm layer of soil at anthesis and at 9-11% moisture at crop maturity. The moisture level of the soil was not measured, but it is believed that the moisture level in T 1 and T 2 may have been as low as 5-10%
only. However, it should be mentioned here that under similar experimental conditions, Ashraf (1998) reported wheat growth and yield even in terminal and pre-anthesis drought. The difference could be due to the condition and nature of the soil. Larson (1992) also reported that soil characteristics played an important role in the development of a critical range of water stress for a particular crop.
Since water plays an important role in plants, it is not surprising that reduced water absorption and dehydration have a deleterious effect on most physiological processes in the wheat crop. In the present study, the analysis of variance for the flag leaf area of four wheat genotypes across three water stress levels revealed a significant (P ≤ 0.01) difference between the water levels and genotypes, while the interaction (genotype × stress) showed a non-significant difference. The flag leaf area of wheat plants exhibited a significant reduction under drought (Fig. 1) . Among the three stresses developed, the maximum reduction of 18% was observed in pre-anthesis drought (T 4 ), while T 0 and T 3 exhibited almost similar response. Water provides turgidity to the cell while water stress causes dehydration, reducing the enlargement and expansion of the cell, resulting in a reduction in leaf area. The reduction in leaf area certainly affects the overall growth of the crop, because the greater the flag leaf area of a particular plant, the more will be the photosynthesis (Swati et al., 1985) and the greater will be the potential for growth and grain yield (Asana, 1968; Berdahl et al., 1972) . The statistical analysis depicted significant differences between the varieties, indicating genetic differences between the wheat genotypes. Inqlab-91 had the maximum flag leaf area of 23.55 cm 2 , while Kohsar-95 was severally damaged and had the lowest leaf area of 11.86 cm 2 . The analysis showed a nonsignificant genotype × irrigation interaction, so the data could not be subjected to stability analysis.
Water stress imposed to wheat significantly reduced the ear stalk length, which provides the photosynthetic area vital for photosynthesis and affects the manufacture of plant food, and thus yield (Asana, 1968) . Stability analysis for ear stalk length revealed highly significant differences between the water stress levels, genotypes and their interaction, while pooled deviation was also highly significant (Table 1 ). The maximum ear stalk length of 14 cm was recorded under normal irrigation, whereas the minimum length of about 9 cm was found in post-anthesis drought. Among the genotypes, Inqlab-91 had the maximum ear stalk length, while Kohsar-95 had the minimum. The differences between the genotypes may be due to their diverse germplasm, while the fluctuation in the ear stalk length under various water stress treatments may be due to a reduction in vegetative growth, which affected the length of the ear stalk. Swati et al. (1985) reported that the elongation of the ear stalk occurred at a later stage than that of other internodes and was thus affected by later drought. The stability analysis of ear stalk length for wheat genotypes evaluated across three water stress levels indicated highly significant differences and revealed genetic differences between the genotypes tested. The F-test for genotype × treatment (linear) was also highly significant, indicating genetic differences between the wheat genotypes for their regression on water stress. Likewise, the F-test for pooled deviations expressed highly significant differences. The regression coefficient for these genotypes ranged from 0.375 to 2.005. Two genotypes, Rawal-87 and Kohsar-95, had b values close to unity and were found to be stable when evaluated across the water stress levels. They had high mean values, with mean 'b' close to unity and S 2 d close to zero. The analysis of variance for number of grains per spike showed a significant difference (P ≤ 0.01) between water stress levels, while genotypes and interaction (genotype x water stress) were non-significant. The number of grains per spike was reduced significantly by water stress depending upon the stage of drought (Fig. 1) . A 50 to 60% reduction was recorded in T 3 and T 4 , relative to the control where all the normal irrigations were applied. Ashraf (1998) reported post-anthesis drought as being the most sensitive stage for number of grains per spike in wheat. In the present study, plants grown under terminal and post-anthesis drought did not survive, so the data could not be correlated. However, the 50-60% reduction at the pre-anthesis stage was close to the findings of Ashraf (1998) . Drought stress at anthesis and fertilization reduced the number of grains because of the dehydration of the pollen grains. Moreover, pollen grain germination and pollen tube growth down the style into the ovary and ovule were badly affected (Larson, 1992) . The present findings were also supported by Hussain et al. (1987) , Ashraf et al. (1989) and Qadir et al. (1999) , who all reported a reduction in the number of grains per spike when the wheat crop was exposed to water stress. Among the genotypes tested, Inqlab-91 had the maximum number of grains.
Water stress caused a severe reduction in the grain yield of all four wheat genotypes tested (Fig. 1) . The reduction was 40% in the three irrigations treatment and 98% in pre-anthesis drought. The sensitivity of the grain yield to drought stress depends upon the severity of the stress and the stage when it is imposed. Ashraf (1998) and Swati et al. (1985) reported a substantial grain yield of wheat when the stress was imposed in the post-anthesis stage. In the present work, a 98% reduction in grain yield was recorded even in the case of preanthesis drought, indicating the necessity of water in all critical stages of plant development. Drought stress has been shown to reduce translocation from the leaves, and as drought hastens maturation, this response, in addition to reducing photosynthesis, contributes to lower grain yield (Larson, 1992) . In addition, shortage of assimilates and sometimes of nitrogen availability is a major cause of arrested grain and fruit growth during drought stress (Barraclough et al., 1989) . It was also observed that water stress shrivelled the grains and that the degree of shrivelledness depended on the genotype. The shrivelledness of the grains affected the weight and ultimately the yield of the crop. Shrivelled wheat grain as a result of water stress was also reported by Ashraf (1998) . Genotypes also showed a significant difference in yield potential. On average, Inqlab-91 had the maximum grain weight of 1.60 g pot -1
, while Kohsar-95 had the minimum of 0.77 g pot -1 , indicating genetic variation between the genotypes. The analysis showed a non-significant genotype×irrigation interaction, so the data could not be subjected to stability analysis.
The results obtained in the present investigation indicated that drought stress under Rawalakot conditions substantially decreased the yield and yield components of wheat. Wheat plants could withstand and tolerate drought if it occurred before anthesis, but water stress imposed in the later stages of plant development severely damaged the crop, resulting in the complete failure of the crop. It could be deduced that the critical period for moisture in wheat began 60 days after germination and became more severe at 90 days, i.e. at the anthesis stage. At this stage water shortage severely damaged the reproductive cycle and ultimately the yield of the crop. Under water stress, the hard, compact nature of Rawalakot soils makes the environment worse for crop growth and yield. However, Rawalakot generally receives a considerable amount of rainfall during the later part of winter from March onwards. This situation is very encouraging for wheat growers, as the critical stage of water for wheat proved to be the later stage of development. Wheat can thus be successfully grown under rainfed conditions in Rawalakot. Inqlab-91 showed superiority among the genotypes tested, but Chakwal-97 and Rawal-87 also exhibited characteristics of tolerance against drought. These genotypes may thus be a good option for further testing and recommendation for rainfed areas. The exploitation of these genotypes in breeding programmes for rainfed areas is highly recommended. The work reported in this paper has relevance to rainfed agriculture and may assist subsequent research in the screening and development of wheat varieties that are more resistant to drought conditions and thus help to improve crop yield in rainfed areas of the country.
